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Introduction {#sec1}
============

For organ morphogenesis, two distant tissues approach and combine to form one continuous structure. Various organs such as the palate, neural tube, heart, eyes, face, and body wall are developed by this process of "tissue fusion" ([@bib24]). A characteristic feature of tissue fusion is the appearance of many apoptotic cells near the fusion sites. However, the regulatory mechanisms and functions of apoptosis in this context remain to be elucidated ([@bib3]; [@bib4]; [@bib9]; [@bib11]; [@bib21]; [@bib23]; [@bib39]).

*Drosophila melanogaster* thorax fusion is a remarkable model for epithelial tissue fusion ([@bib19]; [@bib20]). We have previously shown that sub-lethal caspase activation regulates the speed of thorax closure ([@bib10]). Following thorax fusion in the midline, a monolayered epithelium called the pupal notum is formed. Epithelial cells along the fusion site of the midline frequently undergo basal extrusion (delamination, [@bib13]; [Figure 1](#fig1){ref-type="fig"}A). The delamination rate escalates with increasing cell size via *P110* overexpression and diminishes with decreasing cell size via *Tsc1/2* overexpression ([@bib18]). This suggests that delamination is correlated with the local crowding status of the epithelium. Furthermore, upon laser wounding, the calculation of cell movement and direction via particle image velocimetry has demonstrated that delamination is caused by mechanical compaction of the midline cells ([@bib15]). This delamination is therefore designated "crowding-induced cell delamination." Only approximately 30% of delamination is reported to be caspase dependent ([@bib18]). However, this caspase-dependent fraction has been found to be an underestimation ([@bib15]). Levayer et al. showed that major stress-sensitive pathways including p53, JNK, or Hippo Yap/Taz signaling are not involved in the delamination process ([@bib15]). The same group demonstrated that cell delamination is coupled with ERK downregulation and pro-apoptotic gene *Hid* upregulation ([@bib22]). Although ERK inactivation is limited to approximately 60% of delaminating cells with caspase-3 activation, other pathways involved in cell delamination have not yet been identified.Figure 1Apoptotic Signaling Is Required for Cell Delamination(A) A diagram representing the development of the *Drosophila* pupal notum and the timing of cell delamination upon crowding. The boundaries between the midline (M) and outside the midline (OM) regions are outlined with dotted lines. The anterior-to-posterior axes of all pupae and adults are oriented toward the left.(B) A diagram representing the *Drosophila* apoptotic signaling pathway.(C) Snapshots from the movie, z-projections of confocal stacks in the pupal notum of a live fly expressing *Ecad*:*GFP* (20 h after puparium formation; APF). Magenta dots indicate cells that delaminated in 10 h (from 20 to 30 h APF).(D) The ratio of cell delamination (from 20 to 30 h APF; control: four nota, versus *RHG-RNAi*, *Hid-RNAi*, *Diap1*, *Dark-RNAi*, *Dronc-RNAi*, or *p35*: three nota under the control of *Pnr-Gal4*). The p value was calculated by one-way analysis of variance (ANOVA) with Dunnett\'s test. ∗, p \< 0.05 and ∗∗∗, p \< 0.005. Error bars indicate standard error of the mean.(E) Images of the adult notum. Compared with the control, tissues with overexpressed *Diap1* showed a "broaden (Br) phenotype" of the M region.The boundaries between the M and OM regions are outlined with dotted white lines. The anterior-to-posterior axes of all pupae and adults are oriented toward the left. Scale bars: (C) 10 and (E) 100 μm.See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

NADPH oxidases are involved in the generation of reactive oxygen species (ROS). These can attack a large number of biomolecules and are, therefore, associated with apoptotic cell death ([@bib25]; [@bib37]). For example, spatiotemporal ROS production by NADPH oxidase is critical for tapetal programmed cell death in *Arabidopsis* ([@bib38]) and is essential for follicle cell rupture during *Drosophila* ovulation ([@bib16]). Most studies exploring the involvement of NADPH oxidase in caspase activation and apoptosis are based on *in vitro* or *ex vivo* experimental models, and regulation of cellular functions by NADPH oxidases have not been specifically examined *in vivo* at the single cell level. The NADPH oxidase Nox is involved in superoxide anion (O˙^-^~2~) production.

In this study, we found, by genetic screening, that Nox regulates caspase-3 activation and delamination, independent of ERK downregulation. Furthermore, we showed that intracellular hydrogen peroxide (H~2~O~2~) enables cells to undergo delamination without apoptotic features downstream of caspase-3 activation. ROS generated by Nox (O˙^-^~2~) and intracellular H~2~O~2~ can thus differentially regulate cell delamination both upstream and downstream of caspase-3 activation.

Results {#sec2}
=======

Genetic Screen for Cell Delamination {#sec2.1}
------------------------------------

There are differing opinions regarding the requirement of caspase activation for crowding-induced cell delamination ([@bib15]; [@bib18]). We therefore tested whether apoptotic signaling is required for delamination ([Figure 1](#fig1){ref-type="fig"}B). Overexpressing *Diap1* was sufficient to suppress the delamination rate in the midline region, which has been previously defined (M region; [Figures 1](#fig1){ref-type="fig"}C and 1D) ([@bib15]). In addition, the delamination rate was significantly reduced when *Reaper*, *Hid*, and *Grim* (*RHG*, three antagonists for an endogenous caspase inhibitor Diap1)*-RNAi*, *Dark-RNAi*, *Dronc-RNAi*, or *p35* was expressed ([Figure 1](#fig1){ref-type="fig"}D). This confirmed that apoptotic signaling is necessary for delamination. Flies that overexpressed *Diap1* showed a "broaden (Br) phenotype" on the adult notum ([Figure 1](#fig1){ref-type="fig"}E). This is consistent with a previous report, wherein the absence of caspase activation-induced delamination increased the final size of the M region ([@bib15]). Using this phenotype as an indicator for the lack of cell delamination, we sought to identify the molecules involved in cell delamination.

To this end, we conducted a genetic screen using *Pnr-Gal4* as a control ([Figure S1](#mmc1){ref-type="supplementary-material"}A). We crossed overexpression or inhibition lines based on genes selected from cellular functions such as cell death, mechano-sensing, cytoskeleton formation, and oxidative stress. As shown by "Br" in the first screening ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B), we found that some manipulations led to a Br phenotype. Among the first candidates, we found that the manipulation of apoptotic genes, ROS-related genes, *Foxo-RNAi*, and *Atf3* led to a Br phenotype. None of the mechano-sensing genes were picked up in the first screening, suggesting differing mechanisms of cell delamination between *Drosophila* pupal notum and other models of live-cell delamination reported in vertebrates ([@bib6]). To test whether these phenotypes could be attributed to the suppression of delamination, we performed live imaging on the pupal notum. We identified that overexpression of *Atf3*, *Sod1*, or *Sod2* or knockdown of *Foxo*, *Nox*, or *Duox* suppressed delamination. In contrast, *Catalase* or *Keap1* overexpression and *Hayan-RNAi* did not suppress delamination. Although further analyses are required for each gene manipulation, given that Br phenotype is an integrated phenotype of both cell delamination and cell proliferation, these manipulations could enhance cell proliferation (which was not assessed in the screening). It is also possible that enhancement of cell death in the M region affects the crowding status and balance of cell proliferation. Cell elimination could therefore lead to a shift to the Br phenotype. *Catalase* overexpression is examined in detail below.

NADPH Oxidases Are Responsible for Cell Delamination and Caspase-3 Activation {#sec2.2}
-----------------------------------------------------------------------------

Among the selected genes, we focused on the suppressive effect of *Nox* or *Duox* knockdown. Both genes belong to the NADPH oxidase family and are the only two members present in *Drosophila*. NADPH oxidases have an NADPH-binding domain close to the C terminal, transfer an electron from NADPH to O~2~, and produce O˙^-^~2~. We confirmed the involvement of NADPH oxidases in delamination using four independent *Nox-RNAi* lines or three *Duox-RNAi* lines ([Figures 2](#fig2){ref-type="fig"}A, 2B, [S1](#mmc1){ref-type="supplementary-material"}C). To investigate the contribution of NADPH oxidases to caspase-3 activation, we monitored the ECFP/Venus ratio of the FRET-based caspase activity indicator SCAT3 ([@bib32]) at 16 h after puparium formation (APF), continuing until 36 h APF ([Figure 1](#fig1){ref-type="fig"}A). This is the point at which cells begin to undergo delamination in the M region. We found that *Nox-RNAi* or *Duox-RNAi* inhibited caspase-3 activation, although these inhibitory effects were smaller than those of *Dark-RNAi* ([Figures 2](#fig2){ref-type="fig"}C and 2D). These data suggest the involvement of NADPH oxidases in caspase-3 activation, which is required for delamination in the M region, in addition to the involvement of Hid modulation via ERK downregulation ([@bib22]).Figure 2NADPH Oxidases Are Responsible for Cell Delamination and Caspase-3 Activation(A) Snapshots from the movie, z-projections of confocal stacks in the pupal notum of a live fly expressing *Ecad*::*GFP* (20 h after puparium formation; APF). Magenta dots indicate cells that delaminated in 10 h (from 20 to 30 h APF).(B) The ratio of cell delamination (from 20 to 30 h APF; control: four nota, versus *Nox-RNAi* or *Duox-RNAi*: three nota under the control of *Pnr-Gal4*). The p value was calculated by one-way analysis of variance (ANOVA) with Dunnett\'s test. ∗∗, p \< 0.01 and ∗∗∗, p \< 0.005. Error bars indicate standard error of the mean.(C) Snapshots from the movie, z-projections of confocal stacks in the pupal notum of a live fly expressing SCAT3 under the control of *Pnr-Gal4* (16 h APF).(D) Averaged changes in the FRET ratio (the Venus signal to the ECFP signal) of SCAT3 (16 h APF; control: four nota, versus *Nox-RNAi*, *Duox-RNAi*, or *Dark-RNAi*: four nota under the control of *Pnr-Gal4*).The boundaries between the midline (M) and outside the midline (OM) regions are outlined with dotted white lines. The anterior-to-posterior axes of all pupae are oriented toward the left. Scale bars: 10 μm.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Nox Is Upregulated in Delaminating Cells {#sec2.3}
----------------------------------------

To validate the involvement of an NADPH oxidase in cell delamination, we first monitored Nox expression. This was done using a gene-trap Gal4 *{CRIMIC}Nox-Gal4*, in which the splicing acceptor, T2A, and the Gal4 sequence are inserted in-frame into the first intron of *nox* ([@bib14]). As Gal4 is separated from the truncated (first exon) Nox protein after translation, this expression pattern is expected to reflect the endogenous transcription and translation patterns of the gene. Combining this construction with *G-TRACE* ([@bib8]; [Figure 3](#fig3){ref-type="fig"}A), we monitored the spatiotemporal pattern of Nox expression from 13 h APF. This stage occurs approximately 3 h before the beginning of cell delamination ([Figure 3](#fig3){ref-type="fig"}B). Despite the time lag of approximately a few hours between Nox expression and Gal4/UAS-dependent labeling via fluorescence protein expression, cells marked with magenta (DsRed::nls) nuclei reflected "present" expression, whereas those with green (nuc::GFP) nuclei indicated cells that previously (potentially during larval stage) showed Nox expression (described as "past"; [Figures 3](#fig3){ref-type="fig"}A and 3B). Prior to the delamination stage (13--16 h APF; [Figure 1](#fig1){ref-type="fig"}A), GFP-expressing cells are rarely observed in the thorax fusion site of the M region. DsRed expression instead gradually became stronger in a subset of cells at specific locations, including the M region. Such DsRed^+^ cells with "present" Nox expression frequently underwent delamination in the M region (83.0%; [Figure 3](#fig3){ref-type="fig"}C, [Video S1](#mmc1){ref-type="supplementary-material"}). These observations suggest that, in this region, Nox functions in a cell-autonomous manner during delamination. At the delamination stage (after 16 h APF), Nox expression in cells of the M region was confirmed in the pupal notum of flies carrying *Nox*::*V5*::*TurboID*, in which the C terminus of Nox is fused with a promiscuous biotin ligase (TurboID, [@bib2]; [Figure S2](#mmc1){ref-type="supplementary-material"}A) that biotinylates neighboring proteins and can sensitively label TurboID-expressing cells ([Figures S2](#mmc1){ref-type="supplementary-material"}B--S2C′). To examine whether *Nox-Gal4* "present" cells undergo delamination through caspase activation, we injected the pan-caspase inhibitor Z-VAD-fmk into the pupal notum and monitored the delamination process ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). Consequently, Z-VAD-fmk treatment did not block the appearance of *Nox-Gal4* "present" cells but prevented delamination and increased the number of these cells in the M region at 28 h APF ([Figure S3](#mmc1){ref-type="supplementary-material"}B). This further supports the idea that Nox functions upstream of caspase-3 activation to promote delamination.Figure 3Nox Is Upregulated in Delaminating Cells(A) *Nox-Gal4* locus and *G-TRACE* construction.(B) Snapshots from the movie, z-projections of confocal stacks in the pupal notum of a live fly expressing *Nox-Gal4* and *G-TRACE* (13, 18, and 28 h after puparium formation; APF).(C) The ratio of cell delamination (from 18 to 28 h APF; three nota, midline (M): 699 DsRed^+^ cells and 638 DsRed^−^ (GFP^+^) cells, versus outside the midline (OM): 3,816 DsRed ^+^ cells and 3,866 DsRed^−^ (GFP^+^) cells). Error bars indicate standard error of the mean.The boundaries between the M and OM regions are outlined with dotted white lines. The anterior-to-posterior axis of the pupa is oriented toward the left. Scale bars: 10 μm.See also [Figure S3](#mmc1){ref-type="supplementary-material"} and [Video S1](#mmc2){ref-type="supplementary-material"}.

Video S1. Cell Delamination of Nox Expressing Cells, Related to Figure 3DsRed::nls was monitored from 18 to 35.5 h APF after puparium formation (APF) using an EMCCD camera (ImagEM X2, Hamamatsu) with an Olympus MVX10 macroscope.

Nox Is Not Involved in ERK Downregulation {#sec2.4}
-----------------------------------------

A previous study showed that ERK downregulation occurs in delaminating cells ([@bib22]). This is based on the fact that the mCherry signal of the nls::C1C2Cic::mCherry (*miniCic*) reporter, which is exported from the nucleus upon phosphorylation by ERK signaling, is observed in the nucleus during delamination. This reporter reveals that, among delaminating cells, ERK downregulation occurs in approximately 60% of the caspase-3-activated cells ([@bib22]). We therefore used this reporter to determine whether Nox regulates ERK downregulation. We combined heat shock-dependent flippase expression (*Hs-flp*) and *Ay-Gal4* systems to conduct a mosaic analysis. We first expressed a constitutively active form of EGFR (*EGFR-CA*) with GFP. The mCherry signal was observed in a cytoplasmic or uniform manner in GFP^+^ cell populations with *EGFR-CA* expression but in a nuclear or uniform manner in those without gene manipulation (control; [Figures 4](#fig4){ref-type="fig"}A and 4B). This confirmed the translocation of the *miniCic* reporter upon ERK upregulation. We detected almost no modulation of mCherry localization in GFP^+^ cells with *Nox* knockdown compared with that in the control ([Figures 4](#fig4){ref-type="fig"}A and 4B). Consistent with this result, we found that *Nox-RNAi* via *Pnr-Gal4* did not induce mCherry cytoplasmic signals in cells around the midline ([Figures 4](#fig4){ref-type="fig"}C and 4D). These findings indicate that Nox is not responsible for ERK downregulation and that these parallel pathways regulate cell delamination in the M region of the pupal notum.Figure 4Nox Is Not Involved in ERK Downregulation(A) Images of the z-projections of confocal stacks in the pupal notum of a live fly expressing *miniCic*, as well as green fluorescence protein (GFP) and *EGFR-CA*, under the control of *Ay-Gal4* (16 h after puparium formation; APF). (A′) A magnified image of (A).(B) Distribution of mCherry localization in the clones (16 h APF; control: three nota 222 cells, versus *EGFR-CA*: seven nota 181 cells or *Nox-RNAi*: three nota 269 cells).(C) Images of the z-projections of confocal stacks in the pupal notum of a live fly expressing *miniCic* (16 h APF).(D) Distribution of mCherry localization (16 h APF; control: three nota 244 cells, versus *Nox-RNAi*: three nota 188 cells). The anterior-to-posterior axes of all pupae are oriented toward the left. Scale bars: 10 μm.

ROS Generation Is Coupled with Cell Delamination {#sec2.5}
------------------------------------------------

NADPH oxidases involve ROS production. To examine the ROS levels in this tissue, we used the *in vivo* sensor for oxidative stress, *GstD-GFP* ([@bib31]). The GFP signal pattern indicated a high level of ROS around the midline ([Figure 5](#fig5){ref-type="fig"}A). We thus tested the correlation between ROS generation and cell delamination. Although only approximately 40% of the cells positive for *GstD-GFP* underwent delamination ([Figure 5](#fig5){ref-type="fig"}B), almost all delaminating cells were labeled with *GstD-GFP* ([Figure 5](#fig5){ref-type="fig"}C). As in mammals, there are three superoxide dismutases (*Sods*) present in *Drosophila*. These include *Sod1*, *Sod2*, and *Sod3*, which are involved in the conversion of intracellular, mitochondrial, and extracellular O˙^-^~2~ to hydrogen peroxide (H~2~O~2~), respectively ([Figure 5](#fig5){ref-type="fig"}D). H~2~O~2~ oxidizes the sensor cysteine residues of Keap1, an E3-ligase of Nrf2. The oxidization of Keap1 inactivates E3-ligase activity and then Nrf2 is stabilized. Nrf2 translocates to nuclei, activates antioxidant response element, and induces the expression of genes such as *GstD* ([@bib12]; [@bib30]). Thus, H~2~O~2~ is likely to be accumulated in *GstD-GFP*-positive delaminating cells. To examine O˙^-^~2~ production, we injected dihydroethidium (DHE) with Hoechst 33342 ([Figure 5](#fig5){ref-type="fig"}E). When normalized to that of Hoechst 33342, the DHE signal demonstrated a higher level of O˙^-^~2~ generation in cells around the midline ([Figure 5](#fig5){ref-type="fig"}F). Besides, given that overexpressing each *Sod* solely suppressed the delamination rate ([Figures 5](#fig5){ref-type="fig"}G and 5H) and caspase-3 activation ([Figures 5](#fig5){ref-type="fig"}I and 5J), O˙^-^~2~ reduction and an increase of H~2~O~2~ could suppress delamination. To further confirm the requirement of O˙^-^~2~ production on caspase activation, we normalized the SCAT3 ratio of the M region by that of the OM region for comparison. Similar to in *Dark-RNAi*, we found that the relative ratios of SCAT3 in *Nox-RNAi*, *Sod1*, or *Sod3* were significantly increased in M region cells compared with that of the control ([Figure 5](#fig5){ref-type="fig"}K). These data suggest an involvement of O˙^-^~2~ in caspase-3 activation around the midline.Figure 5Reactive Oxygen Species (ROS) Generation Is Coupled with Cell Delamination(A) An image of the z-projections of confocal stacks in the pupal notum of a live fly expressing *GstD-GFP* and *Ecad*:*tdTomato* (16 h after puparium formation; APF).(B) The ratio of delamination in cells positive for *GstD-GFP* (from 16 to 30 h APF; three nota). Error bar indicates standard error of the mean.(C) The ratio of *GstD-GFP*^+^ cells to delaminating cells (from 16 to 30 h APF; three nota). Error bar indicates standard error of the mean.(D) A diagram representing the conversion of produced O˙^-^~2~ to H~2~O~2~ through superoxide dismutase (Sod).(E) An image of the z-projections of confocal stacks in the pupal notum of a live fly after the injection of a mixture of DHE and Hoechst 33342.(F) Averaged changes in the ratio of DHE signal to Hoechst 33342 signal (n = 4).(G) Snapshots from the movie, z-projections of confocal stacks in the pupal notum of a live fly expressing *Ecad*::*GFP* (20 h APF). Magenta dots indicate cells that delaminated in 10 h (from 20 to 30 h APF).(H) The ratio of cell delamination (from 20 to 30 h APF; control: four nota, versus *Sod1*, *Sod2*, or *Sod3*: three nota under the control of *Pnr-Gal4*). The p value was calculated by one-way analysis of variance (ANOVA) with Dunnett\'s test. ∗, p \< 0.05 and ∗∗, p \< 0.01. Error bars indicate standard error of the mean.(I) Snapshots from the movie, z-projections of confocal stacks in the pupal notum of a live fly expressing SCAT3 under the control of *Pnr-Gal4* (16 h APF).(J) Averaged changes in the FRET ratio (the Venus signal to the ECFP signal) of SCAT3 (16 h APF; control: four nota, versus *Sod1*: six nota, *Sod2*: five nota, or *Sod3*: four nota, under the control of *Pnr-Gal4*).(K) Averaged changes in the FRET ratio (the Venus signal to the ECFP signal) of SCAT3 (relative values of the M region to the OM region). The p value was calculated by one-way ANOVA with Dunnett\'s test. NS, not significant, ∗∗, p \< 0.01, ∗∗∗, p \< 0.001, and ∗∗∗∗, p \< 0.0001. Error bars indicate standard error of the mean.The boundaries between the midline (M) and outside the midline (OM) regions are outlined with dotted white lines. The anterior-to-posterior axes of all pupae are oriented toward the left. Scale bars: 10 μm. See also [Figures S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}.

H~2~O~2~ Blocks Cell Delamination after Caspase-3 Activation {#sec2.6}
------------------------------------------------------------

H~2~O~2~ is known to act in redox signaling without executing cell death ([@bib28]). Given that the expression of the O˙^-^~2~ scavenger *Sod* promotes H~2~O~2~ generation, we can assume that delamination consists of the positive involvement of O˙^-^~2~ and negative involvement of H~2~O~2~. Indeed, we found that the H~2~O~2~ scavenger *Catalase* increased delamination ([Figures 6](#fig6){ref-type="fig"}A and 6B), suggesting the inhibitory impact of H~2~O~2~ on delamination. We therefore wished to determine the means by which H~2~O~2~ suppresses caspase-mediated cell delamination.Figure 6H~2~O~2~ Prevents Delaminating Cells from Apoptosis(A) Snapshots from the movie, z-projections of confocal stacks in the pupal notum of a live fly expressing *Ecad*::*GFP* (20 h after puparium formation; APF). Magenta dots indicate cells that delaminated in 10 h (from 20 to 30 h APF).(B) The ratio of cell delamination (from 20 to 30 h APF; control: four nota, versus *Catalase*: three nota under the control of *Pnr-Gal4*). The p value was calculated by an unpaired two-tailed Student\'s t test. n.s., not significant and ∗∗, p \< 0.01. Error bars indicate standard error of the mean.(C) Diagram of CaspaseTRACKER.(D and F) Snapshots from the movie, z-projections and y-projections of confocal stacks in the pupal notum of a live fly expressing and *Ecad*::*GFP* with *CasT* at 25 (D) and 31 h APF (F). Arrowheads and arrows indicate delaminating cells and cell fragmentation in delamination, respectively (F).(E) Distribution of CasT^+^ cells that delaminated in the hours from 25 to 31 h APF (three nota, 71 cells). Error bars indicate standard error of the mean.(G and H) The ratio of CasT^+^ cell delamination (G) and fragmentation in delamination (H) for 6 h (control: three nota, versus *Catalase* or *p35*: three nota under the control of *Pnr-Gal4*). The p value was calculated by one-way analysis of variance (ANOVA) with Dunnett\'s test. n.s., not significant, ∗, p \< 0.05, ∗∗, p \< 0.01, and ∗∗∗, p \< 0.005. Error bars indicate standard error of the mean.(I) A snapshot from the movie, z-projections of confocal stacks in the pupal notum of a live fly expressing *Ecad*::*GFP* after the injection of a mixture of propidium iodide (PI) and Hoechst 33342. A magnified image of delaminating cells stained (I′) or unstained (I″) with PI as shown in coronal and sagittal sections.(J) The ratio of PI^+^ cells to delaminating cells (from 18 ± 2 to 40 ± 2 h APF; three nota, 230 cells). Error bar indicates standard error of the mean.The boundaries between the midline (M) and outside the midline (OM) regions are outlined with dotted white lines. The anterior-to-posterior axes of all pupae are oriented toward the left. Scale bars: 10 μm.See also [Figures S4--S6](#mmc1){ref-type="supplementary-material"} and [Video S2](#mmc3){ref-type="supplementary-material"} and [Video S3](#mmc4){ref-type="supplementary-material"}.

SCAT3 monitoring revealed that *Catalase* expression did not affect caspase-3 activation ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). Consistently, H~2~O~2~ and paraquat, which produce O˙^-^~2~ and H~2~O~2~, similarly triggered caspase-3 activation administered to cultured S2 *Drosophila* cells ([Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B). These data support the notion that both O˙^-^~2~ and H~2~O~2~ have the positive potential to drive caspase-3 activation. These results therefore suggest that O˙^-^~2~ reduction by *Sod*s inhibits caspase-3 activation and H~2~O~2~ prevents delamination after caspase-3 activation. CaspaseTracker/CasExpress (thereafter, described as "CasT") is a Gal4-based caspase-3 activation sensor ([@bib5]; [@bib34]). Here, 56.4% of the CasT^+^ cells detected at 25 h APF did not undergo delamination, even after 6 h ([Figures 6](#fig6){ref-type="fig"}C--6E). We then investigated whether *CasT*-induced genetic manipulations alter the cell delamination rate by expressing *p35*, thus inhibiting the caspase activation required for delamination. As expected, *p35* expression under the control of *CasT* effectively prevented delamination ([Figure 6](#fig6){ref-type="fig"}G). Notably, *CasT*-driven *Catalase* expression significantly increased the delamination rate ([Figures 6](#fig6){ref-type="fig"}F and 6G). These findings demonstrate the inhibitory effect of H~2~O~2~ on cell delamination after caspase-3 activation.

H~2~O~2~ Prevents Delaminating Cells from Apoptotic Nuclear Fragmentation {#sec2.7}
-------------------------------------------------------------------------

Next, we found that less than 10% of the delaminating CasT^+^ cells showed nuclear fragmentation, a feature of typical apoptosis ([Figures 6](#fig6){ref-type="fig"}F and 6H, [Video S2](#mmc3){ref-type="supplementary-material"}). In addition, the injection of a marker of late apoptosis, namely, propidium iodide (PI), into the pupa revealed that only 4.3% of the delaminating cells turned PI-positive ([Figures 6](#fig6){ref-type="fig"}I and 6J, [Video S3](#mmc4){ref-type="supplementary-material"}). These results suggest that, although caspase-3 is activated in delaminating cells, this activation could be insufficient for executing apoptotic cell death. When *Catalase* was expressed in CasT^+^ cells, nuclear fragmentation was increased ([Figures 6](#fig6){ref-type="fig"}F and 6H), supporting the idea that H~2~O~2~ inhibits events occurring after initial caspase-3 activation (such as nuclear fragmentation). Therefore, cells undergo delamination without apparent apoptotic features. Taking this into consideration, the presence of both O˙^-^~2~ and intracellular H~2~O~2~ before and after caspase-3 activation leads to live cell delamination ([Figure 7](#fig7){ref-type="fig"}).Figure 7A Model of the Mechanisms of Cell DelaminationOur summarized model for cell delamination in the midline region of *Drosophila* pupal notum. NADPH oxidase is shown as gray square. ETC, electron transfer chain; RHG, Reaper, Hid, and Grim.

Video S2. Cell Delamination of caspase-3 Activated Cells, Related to Figure 6GFP and mCherry signal were monitored after puparium formation (APF)

Video S3. Cell Delamination Unstained by PI, Related to Figure 6GFP and PI signals were monitored from 20 to 42 h after puparium formation (APF). Laser ablation was performed on the notum at 38 h APF. Upon the ablation, PI was immediately accumulated in cells. This indicates that PI was sufficiently supplied in the M region

Discussion {#sec3}
==========

Caspase-activated cells have been identified in several tissue fusions ([@bib24]). However, the regulatory mechanisms and functions of caspases are poorly understood. After thorax fusion in *Drosophila*, epithelial crowding induces cell delamination. Here, we showed the regulation of NADPH oxidases for caspase-3 activation and delamination and suggested contrasting controls for caspase-dependent cell delamination via two types of ROS (O˙^-^~2~ and H~2~O~2~). Nox is localized on intracellular membranes (ER or redoxosome) as well as plasma membrane in mammalian cells ([@bib1]; [@bib29]). Distribution of Nox neighboring proteins labeled by Nox::V5::TurboID suggests Nox localization not only on plasma membrane but also on intracellular membranes in M region ([Figure S2](#mmc1){ref-type="supplementary-material"}C′). Thus, the suppressive effect of *Sod1* and *Sod3* on cell delamination indicates the involvement of intracellular and extracellular O˙^-^~2~ produced by Nox ([Figure 7](#fig7){ref-type="fig"}). Duox localizes on plasma membrane and produces O˙^-^~2~ in the extracellular space. The inhibitory effect of *Duox-RNAi* on cell delamination supports the idea that extracellular O˙^-^~2~ also promotes cell delamination. However, we could not deny the possibility that extracellular ROS promote cell delamination in a non-cell autonomous fashion.

H~2~O~2~ is known to be an activator of redox signaling and is involved in protective cellular functions. This includes an anti-apoptotic role in NF-κB activation ([@bib28]). Given that the expression of the H~2~O~2~ scavenger *Catalase* significantly increased delamination and nuclear fragmentation ([Figures 6](#fig6){ref-type="fig"}F--6H), H~2~O~2~ likely blocks the events that occur after initial caspase-3 activation. Caspases cleave inhibitor of caspase-activated DNase (ICAD), and activated CAD promotes DNA fragmentation ([@bib7]; [@bib36]). H~2~O~2~-driven oxidation of targets other than caspases, such as DNases like CAD, may affect nuclear fragmentation during delamination. In *Caenorhabditis elegans*, high oxidative stress delayed the appearance of apoptotic corpses ([@bib17]). H~2~O~2~ prevents dimer formation of the Endonuclease G (EndoG) homolog CPS-6, which is involved in apoptotic DNA fragmentation, and the oxidized monomeric CPS-6 shows reduced nuclease activity ([@bib17]). Notably, proline (P207) oxidation of EndoG/CPS-6 is suggested to be critical for the dissociation of the dimer into a monomeric form. This residue is conserved in *Drosophila* and humans.

MDCK cell extrusion initiated by apoptotic stimulation (caspase-8 activation or UV irradiation) is suppressed by inhibiting the calcium wave ([@bib33]) or via loss of desmosomal junctions ([@bib35]). Given that these extruding cells do not show apoptotic bodies, a common preventive mechanism could underlie cell fragmentation during M region cell delamination in the *Drosophila* pupal notum. Interestingly, two ROS may regulate distinct extrusion processes, with O˙^-^~2~ regulating calcium wave or desmosomal reorganization and H~2~O~2~ preserving the extruding cell shape.

Although most delamination is reported to be independent of caspase activation ([@bib18]), more detailed observations and genetic manipulations have revealed that apoptotic signaling is required for delamination ([@bib15]). These discrepant results are likely attributable to Gal4 drivers, specifically *Pnr-Gal4* and the stronger driver *Act-Gal4*, and/or the UAS lines used for caspase inhibition. In the present study, although caspase dependency was confirmed, we still sought to determine whether caspase-dependent delamination is accompanied by apoptosis. Considering the CasT and PI experiments, the integrities of the nuclear and plasma membranes appeared to be intact during delamination ([Figures 6](#fig6){ref-type="fig"}D--6J).

In this study, we utilized several live imaging reporters for visualizing *in vivo* signaling events during cell delamination. We briefly summarized how respective reporters can be used for predicting cell delamination in [Figure S6](#mmc1){ref-type="supplementary-material"}F. CasT can preferentially detect transient or weak caspase activation in cells ([Figure 6](#fig6){ref-type="fig"}C) but cannot detect apoptotic cells if CasT-cleaved cells are rapidly extruded and/or removed via engulfment before CasT-driven expression of reporter proteins. Although its sensitivity for detecting caspase activation appears to be lower than CasT, we used another indicator for caspase-3 activation ([@bib27]). VC3Ai enables single cell visualization of caspase-3 activation to monitor real-time caspase activation and cell morphological dynamics during delamination ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Live imaging of delamination showed that caspase-3 is indeed activated during delamination ([Figures S6](#mmc1){ref-type="supplementary-material"}B and S6C). Although the real-time reporter VC3Ai appears to be less sensitive to caspase-3 activation than CasT, it can detect the caspase-3 activity required to execute apoptosis ([@bib40]). Observations with this reporter determined that most VC3Ai^+^ cells in the M region were not fragmented, whereas those in the OM region showed typical apoptotic cell fragmentation ([Figures S6](#mmc1){ref-type="supplementary-material"}D and S6E). The latter cells could be dead before or immediately after delamination, further highlighting the unique characteristics of caspase-3 activated cells in the M region. These findings also support the fact that the majority of delamination in the M region is live cell extrusion, despite caspase-3 activation ([Figure 7](#fig7){ref-type="fig"}).

Moreno et al. revealed that ERK downregulation in the pupal notum does not depend on the Spitz/EGF sequestration factor Argos ([@bib22]). This suggests that mechanical cues, but not diffusible factors, are involved in cell delamination. Here, we monitored Nox upregulation in delaminating cells. It has been reported that mechanical strain to embryoid bodies from embryonic stem cells induces expression of the NADPH oxidases Nox-1 and Nox-4, along with ROS generation. This leads to ERK1, ERK2, and JNK activation to promote cardiovascular differentiation ([@bib26]). Although the involvement of mechanical stress in the EGFR/ERK and Nox pathways is largely unknown, such pathways activating cell survival and/or apoptotic signaling may be broadly used in multicellular organisms. The molecular mechanisms identified here in *Drosophila* may be evolutionally conserved and may therefore be beneficial for understanding how cell extrusion functions in epithelial tissue development and homeostasis.

Limitation of the Study {#sec3.1}
-----------------------

We conducted genetic manipulation for ROS generating and scavenging genes to test the involvement of ROS for cell delamination along the midline in the notum. Although our genetic analysis clearly showed the requirement of O~2~^.-^-generating enzyme Nox and Duox for delamination, we have not detected the changes in the levels of O~2~^.-^ during delamination. Given that O~2~^.-^ has short lifetime, the detection of O~2~^.-^ at the single cell level was technically very difficult. Thus, we cannot deny the possibility that Nox and/or Duox regulates delamination independent of O~2~^.-^ generation. H~2~O~2~ is relatively stable, and the *GstD-GFP* reporter can be used for detection of accumulation of H~2~O~2~. Again, however, we could not exactly reveal the dynamics of H~2~O~2~ at the single cell level over time. Therefore, it is necessary to develop the monitoring technique for the dynamics of ROS with high spatiotemporal resolution to prove the differential associations of O~2~^.-^ and H~2~O~2~ with cell delamination *in vivo*.

Resource Availability {#sec3.2}
---------------------

### Lead Contact {#sec3.2.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Masayuki Miura (<miura@mol.f.u-tokyo.ac.jp>).

### Materials Availability {#sec3.2.2}

Materials and protocols used in this study are available from the authors upon request.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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